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ALa tract 


Introduction 


Structural efficiency atudiea Here aade to 
detemine the weight aaving potential of graphite/ 
epooqr conpoaite atructurea for conpreaaion panel 
applicatiooa. Mininun weight hat-atiffcned and 
open com^tion configurationa were ayntheaiaed 
uaing a nonlinear nathcMtical prograBing techni- 
que. Selected configurationa were built and teated 
to atudy local and Euler buckling characteriatlca. 
Teat reaults for 23 panela critical in local buckr 
ling and aix panela critical in Euler buckling are 
conpared with analytical reaolta <d>talned uaing 
the ^ICLASP-2 branched plate buckling prograai. A 
weight efficiency ^conpariaon ia wade between cow- 
poalte and aluntnun coq»reaai(m panela uaing natal 
teat data generated by the NACA* Theoretical 
atudiea indicate that potokCial weight aaeinga of 
up to 5QZ are poaaible for conpoaite hat-atiff«ied 
panela when coiqnred with alnilar aluninun deaigna. 
Height aavinga of 32Z to 42X were experiamtally 
achieved. Bxperio^e to date auggeata that noat 
of the theoretical weight saving potential ia 
available if deaign deficiencies are eliainated 
and strict fabrication control ia exercised. 

Sybols 

A Area 

B Panel width 

Dinenaion of panel elenent 1 

Lanina nodulu«» in fiber direction 

Lanina modulus transverse to fiber 
direction 

G^2 Lamina shear modulus 

L Panel length 

L^ Effective panel length 

m Buckle mode half wave number 

Buckling stress resultant 
P^ Euler buckling load 

t^ Thickness of element i 

W Panel weight 

t Critical strain in x-dlrection 

X 

6 Composite ply orientation angle 

^12 Major Poisson's ratio 

p Density 

♦Paper presented at ASME/AIAA/SAE 16th Structures, 
Structural Dynamics, and Materials Conference, 

May 1975, AIAA Paper No. 75-754. 


Over the past 5 to 10 years a substantial 
amount of composite material hardware has be^ 
developed, however, most of this hardware has been 
in the form of flight components or dememstration 
articles. Extraction of fundamental structural 
data from such special-purpose hardware programs is 
very difficult if not impossible. Test programs on 
gmeric structural coigxnwnts for which structural 
parameters are systematically varied appear to be 
completely lacking in the literature. In order to 
take full advantage of the potential offered by 
advanced coi^osite materials, data necessary for 
deaign are needed all biases of structural behav- 
ior includi^ material strength, skim buckling, 
overall buckling, and deformation behavior, as well 
as other characteristics which are peculiar to 
co^>osite construction. 

The information presented herein represents 
the initial results of a program initiated at the 
Langley Research Center to establish a weight and , 
strength data base for efficient graphite/epoxy 
compression panels of stiffened construction. The 
hst-stiffened configuration was selected for initial 
comprehensive studies due to its known structural * , 
efficiency and the relatively predictable nature of 
the buckling behavior of closed section stiffeners. 
Composite material open section stiffener^, such 
as J and Z configurations are known to exhibit 
stiffener roll and modal interaction behavior^ at 
much lower loads than closed section stiffeners. 

To date, this behavior has not been characterized 
by a "classical" closed-form analytical model suit- 
able for inclusion in an automated design program. 
Since a rapid analysis was Important for the pur- 
poses of Che current design, a comprehensive exami- 
nation of the open section stiffener geometry has 
been deferred until a suitable analysis can be 
efficiently coupled with a design synthesis program. 

In addition to the hat configuration, limited 
studies have been made of an open corrugation con- 
figuration and results are reported herein. 

The general approach taken in the present study 
is quite different from the approach used by the 
NACA during the 1940' s2“6 where thousands of alumi- 
num panels with parametrically varied dimensions 
were tested to develop structural design allowables 
and efficiency charts. Because of the much larger 
number of design variables associated with composite 
materials as compared with aluminum, it was neces- 
sary to use automated design methods for the identi- 
fication of efficient panel cross sections for 
experimental evaluation. An advanced version of the 
mathematical programing desi;;;n method developed in 
Reference 7 was used for this purpose. Panel 
designs were constrained to insure fabricablllty and 
selected panel designs were chosen for experimental 
evaluation* For each cross-sectlcnal geometry 
selected, short specimens were used to evaluate 
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local buckling 9 xd ultiMte strength » and longer 
vide^colium speclnens were used to evaluate Euler 
and Interactive buckling nodes. Buckling results 
are collared with the BUCLASF-2 branched plate 
buckling analysis program. ^*9 The perfomsnce of 
grapbite/epoxy compression panels is presented in 
the fom of structural efficiency charts for ready 
coi^rison vith other configurations and other 
naterial systems. 

Panel Design and Analysis 

tluree panel cross-*sectional configurations are 
considered in the present investigation and are 
siKiim schematically in Sketch a* The shaded and 
unshaded areas distinguish bet%re«ft the orimstatiiHis 
of the plies and their distribution. The first 
cross Mctiott* labeled configuratiim A* was identic* 
fied in Keference 7 as being a structurally effi* 
cimat arrangcm^it for carrying axial conpression 
loads with the ply orientation angle 0 being 
The essaatial features of this design are (1) that 
0* (hl^ axial stiffness) plies are located in the 
hat cap and skin to provide meximmi column bending 
stiffness and (2) that the vertical webs are com-^ 
posed of all (low axial stiffness) plies to 
minimise the amount of axial load carried by tbe 
webs* ttuis suppressing local buckling. Also, the 
plies in the vertical webs provide the shearing 
stiffness needed to minimise column transverse 
sheering deformstions. A second design^ which was 
found to be very efficient, had 0^ plies concur* 

' trated under the hat. This concept is labeled as 
configuration B in Sketch a. The third panel cross 
section considered was a symmetrical open corruga- 
^tlon and is shown in Sketch a as configuration C. 
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Sketch a — Cofspression panel configuration options 


The panel designs were achieved by formulating 
the problem in terms of simple analytical relation* 
ships and using a nonlinear mathematical programing 
technique to search for minimum wei^t geometric 
propinrtions. A more sophisticated analysis was used 
to determine the adequacy of the simplified design 
analyses to represent correctly the buckling behav* 
ior of the panels. Modifications were made In the 
synthesis code when deficiencies were Indicated. 
Selected panel desl^is were fabricated and subjected 
to experimental evaluation. For each design 
selected, specimens 16 inches long were used to 
evaluate local buckling and ultimate strength, and 
specimens 60 inches long were used to evaluate Euler 
end Interactive buckling modes* Test results are 
reported for 23 16*inch*long speclmoks* and for six 
60-incii*loag specim«ia. Experimental results are 
co^^red with BUCLASP*2 analytical results. 

Panel Cross*Section Definition 

A description of the general panel cross sec* 
tion considered is slumm in Figure 1. Nine design 
variables are used to define tlie panel cross sec* 
tlon, which include four elemmt widths hi and 
five thicknesses ti^ The cross section may be 
considered to be constructed of four basic elements. 
EleMnt 1 is the skin under the hat» element 2 is 
the stiffener eleMnt 3 is the hat cap, and 
element 4 Is the skin between stiffeners. For con- 
figuration A of Sketch a, the thickness variable t 5 
is taken to be equal to zero. For conf iguration B, 
the thickness variable t 4 was taken to be zero and 
the t^ material is linearly tapered at the ends 
and extends 0.35 inch into element 4. For the open 
corrugated panel, configuration C, the thickness 
variables and t 2 are taken to be equal to 

zero and the t^ 0* material is distributed sym- 
metrically about the +0 material. 

Design Method 

The design rationale was to seek minimum weight 
panel proportions subject to the following 
constraints: 

1. The local buckling load of the skin and 
stiffeners is not to be exceeded. 

2. The wide-column Euler buckling load is not 
to be exceeded. 

3. A prescribed allowable axial strain is not 
to be exceeded. 

4. Geometric proportions are to lie within 
prescribed limits dictated by practical or manu- 
facturing considerations. 

A listing of numerical values of the upper and 
lower bounds placed on the geometric constraints 
and critical strain in this investigation are pre- 
sented In Table I. An important difference between 
Che design approach used herein and one conmonly 
used for metal structures is that all panel elements 
are not required to buckle simultaneously. Instead, 
buckling of the various elements is introduced as 
constraints in the design process in which it is 
only required that individual element buckling loads 
not be exceeded. Local buckling is never critical 
in certain elements of the composite panel cross 
section as Is discussed subsequently. 
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The design calculations were «ade using an 
advanced version of the design nethod developed in 
Reference 7. This code uses classical closcd*^foni 
solutions for buckling and a mmllnear aatheaatical 
programing technique to search for niniaum vei^t 
cross-sectional dimensions* X«ocal buckling calcu- 
lations for each plate element are based on the 
buckling load for an infinitely long orthotropic 
plate simply supported along the two unloaded edges* 
For overall buckling* the panel is assumed to b^ave 
as an Euler wide column* 

Analysis Hethods 

For panel designs and comparison with experi- 
ments* three different analytical approaches were 
used for buckling calculations and are listed as 
follows: 

1* Classical Closed-Form Solutions * Provided 
the rapid buckling calculations required in the 
synthesis program to achieve a minimum weight 
design. A detailed description of these analyses 
is given in Appendix B c* Reference 7* 

2* BOClASP-2 * An advanced branched plate 
buckling analysis which was used to evaluate the 
adequacy of the classical analyses used in the 
synthesis code and to compare with the experimental 
results. BQCLASP-2* which is presented in Refer- 
ences 8 and 9* treats stiffener rolling and modal 
interactions but is limited to orthotropic plate 
elements* Prebuckling deformations are ignored and 
the loaded edges are simply supported. Boundary 
conditions at lateral edges are arbitrary and 
residual thermal strains are Ignored* 

3* BUCLAP2. An advanced anisotropic plate 
buckling analysis which was used to investigate 
anisotropic effects on the local buckling of rela- 
tively thin plate elements. A description of 
BUCLAP2 is presented in Reference 10. 

Discussion of Design Program Deficiencies and 
Ref inements 

During the course of the present investigation, 
several important structural phenomena were observed 
that were not considered in the design synthesis 
TOthod of Reference 7* Phenomena considerations 
which were uncovered by the experimental studies or 
by comparisons with BUCLASP-2 and BDCLAP2 are: 

1. Anisotropic effect — This effect is 
important for a relatively thin four-ply laminate* 

2. Column transverse shearing effect — This 
effect Is important for certain combinations of 
load ranges and vertical web thicknesses. 

3. Element local buckling boundary conditions 
other than simple support — For heavier load 
ranges, minimum weight panel proportions were such 
that boundary conditions offering more restraint 
than simple support were appropriate. 

4. Residual thermal strains — Due to the 
different coefficients of thermal expansion in 
adjacent plate elements caused by different lami- 
nate layups, residual thermal strains were induced 
during the cool-down phase of the cure cycle. * 


5* Panel warping — As in item 4, the differ- 
ent coefficients of thermal expansion caused warn- 
ing of the panel during cooling from the cure tem- 
perature which affects the column buckling load. 

Anisotropic Effects . To eliminate stretching/ 
bending coupling, all elements were laid up with 
midpli.Tie symmetry. In general, however, a nidplane 
syigietiic laminate does possess bending/ twisting 
coupling %ihich reduces the local buckling load for 
a plate element. Calculations made with BUCLAP2 
on long plates simply supported on the unloaded 
edges indicated that the reduction in the buckling 
load due to anisotropic effects as compared with 
the orthotropic value is 24Z for a four-ply 
(j^5/j^5) graphite/epoxy laminate and 1.2Z for an 
eight-ply {^5/+45)s graphite/epoxy laminate. 
Calculations from BUCLAP2 for the buckling loads 
and strains of a long four-ply (+6/+6) plate are 
presented in Figure 2 as a function of 6. Results 
are given for both the simply supported and clamped 
cases. The design program used in the present 
investigation was modified to account for the 24Z 
anisotropic reduction in the local buckling load 
for four-ply laminates and the anisotropic effect 
was neglected for thicker laminates. 

The weight penalty imposed by including ani- 
sotropic effects for eloients 1 and 2 of Figure 1 
are presented in Figure 3 which shows panel weight 
per unit area per unit length (W/AL) as a function 
of the load index (K^^/L) • Although a relatively 
large (24Z) load reduction may result frcmi ani- 
sotropic effects, it can be seen from Figure 3 that 
very little loss in structural efficiency results 
if the effect is Included in the design synthesis 
program. 

Transverse Shearing Effects . The expression 
for inlcuding transverse shearing deformations in 
the buckling of a column is taken from Reference 12 
as 


'"cr ’ TpI 
1 + 5 

GA 

where for these panels A is equal to the web 
cross-sectional area and G is the in-plane shear 
modulus of the vertical web laminate. Taking 
these values for A and G assumes that all of the 
shearing deformation occurs in the vertical web 
(element 2). In the current design program, the 
above equation was used to account for column trans- 
verse shearing with the slispe factor 6 taken as 1. 
Panel weight minimization studies showed very small 
weight penalties resulted by imposing this con- 
straint* Ignoring this effect, however, can result 
in significant reductions in the actual load the 
panel can carry. For example, a panel designed for 
a load index N^/L of 300 Ib/in^ using a 0.022- inch- 
thick web was shown theoretically to b*ickle at a 
load lOZ lower than the value predicted when column 
transverse shearing deformations were ignored. 

Element Local Buckling Boundary Conditions . For 
lightly to mode»*ately loaded panels (N^/L 100 lb/ 

in^) minimum weight configurations are characterized 
by cross-section ok in and web elements which have 
width- to- thickness -atios ibj/tj^) of the same order 
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of Mgnitude. The hat cap width ia usually llsited 
by the O.d-lnch alnlaua gage constraint (Table 1) 
and the hat cap is not local buckling critical (see 
Sketch b). For this case the assumption that the 
intersections of the elements of the hat are simply 
supported is a good approximation for local buck- 
ling calculations of the web and skin elements. 



and detriMntal effects. One effect of residual 
thermal strain for hat-stiffened panels is to put a 
prestressed tension field in the web elements at 
room tei^rature which must be relieved before the 
element can buckle. Simultaneoualy» a self- 
equilibrating compressive field exists in the hat 
cap and skin. A coi^rehensive study of these 
residual thermal strain effects on local buckling 
has not been conducted and residual thermal effects 
are not considered in the current design program. 

Panel Warping . A further result of residual 
stresses is to develop warping ^long the panel 
length. Initial curvatures of this type can signif- 
icantly degrade the structural performance of wide- 
column panels. g methodology for effectively 
accounting for this phenomenon was not developed in 
the present program. 


Minimum weight configuration B designs for 
more heavily loaded (H^/L > 200 Ib/in^) compression 
panels typically have b/t ratios of the hat cap 
and skin under the hat» which are much lower than 
the b/t of the vertical webs or the skin between 
hats. In this case» the assumption that each of 
the hat elements are simply supported at their 
intersections was found to be overly conservative. 
Designs studied with BnCLASP-2 show a typical panel 
to buckle locally in a mode shape similar to that 
illustrated in Sketch c. For structures designed 
for N^/L > 200 Ib/ln^» large concentrations and 
thicknesses of 0* plies are required and a Joint 
stiffening effect increases the local buckling load. 
In this case the web lateral edge boundary condition 
was found to be between simple support and clamped. 
The results presented in Figure 2 illustrate the 
additional load capability afforded by this improve- 
ment. A four-ply (+A5/+45) laminate » for example* 
with clamped boundary condition will buckle at a 
load 59Z higher than if the element were simply 
supported. 



Sketch c 


The current design program uses simple support 
boundary conditions for element local buckling and 
the advantage mentioned above has not yet been 
incorporated. The additional restraint offered by 
relatively thick hat caps and skin under the hat 
was studied* however* by increasing the depth of 
the web element of a synthesized design. Results 
of this study are presented in a subsequent 
section. 

Residual Thermal Strains . The coefficient of 
thermal expansion for a laminate composed of 0” and 
plies can vary widely. Hat cap and skin ele- 
ments consisting of large concentrations of 0* 
plies* for example* have a rinich smaller coefficient 
than do web elements consisting of +45* plies. As 
a consequence* residual thermal strains exist at 
room temperature In a panel which was cured (i.e.* 
was stress free) at an elevated temperature. 
Residual thermal strains may have both beneficial 


Test Specimens 


Materials 


Specimens tested in this investigation were 
fabricated using Thomel 300 graphite/Narmco 5208 
epoxy in either tape or fabric form. Elastic prop- 
erties of these materials used for design and 
analysis purposes are presented in Table II. The 
preliminary properties for grapbite/epoxy tape 
defined in set 1 of Table XI were used for the 
design of initial test specimens. Subsequent addi- 
tional material testing indicated the material 
properties defined in set 2 to be more accurate. 
Subsequent panels and all of the design curves 
presented in this paper use the elastic properties 
defined in set 2. 

Fabrication Technique 


Specimens 60 inches long and up to 30 Inches 
wide were manufactured using the fabrication te 
nique illustrated in Figure 4. An aluminum toc^ 
was machined with the required hat or corrugation 
stiffener cross-sectional dimensions. The ^ web 
ard 0® plies were laid into the mold after which 
a trapezoidal-shaped silicone rubber insert was 
positioned in Che mold and the skin plies were laid 
on top. This l£ 3 mp was covered by a 0. 25-inch-thlck 
aluminum caul plate and the entire assembly was 
bagged for curing in an autoclave as shown in 
Figure 4(b) . The silicone rubber Inserts had a hole 
along their length which permitted autoclave pres- 
sure be applied inside the hat stiffeners. 

Specimen Description 

Nine designs generated using the panel synthe- 
sis program were selected for fabricatioa and test. 
Characteristic features of these nine designs are 
presented in Table III and dimensions and 

thicknesses are listed in Table IV. Twenty- 

three specimens 16 inches long were used in local 
buckling studies and six specimens 60 inches long 
were built to evaluate Euler and modal interaction 
responses. 


Designs A-1 through A-6 are hat -stiffened* 
config ration A, constructions; designs B-1 and B-2 
are hat-stiffened* configuration B* constructions 
in which 0* plje«» in the skin are located only 
under Che hat and not in the skin between stiffeners 
(i.e., t^ "0); and design C-1 is an open corruga- 
tion, configuration C* construction. The load 
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Index N^/L is 100 Ib/in^ for hst*stiffened 
designs A-1 through A-5; 300 Ib/in^ for hat- 
stiffened designs A-6» and B-2; and 30 Ib/ln^ 

for the open corrugation design C-1. Cross- 
sectional layup patterns for designs A-5 and B-2 
are shown in Figure 5 and photographs of selected 
speciaen cross sections are presented in Figure 6. 

As indicated earlier* the autoaated progrtti 
used to design speciaiens was modified several tiises 
during the course of this investigation. For spe- 
cific designs* Table III indicates whether aniso- 
tropic or ortho tropic plate theory was used for 
local buckling* if transverse shear effects were 
included* and the set of material properties used. 
The ^ orientation angle for aost designs was 
taken to be 45*. Design A-2 and A-3 specinens* 
however* were constructed with the sane sold used 
to fabricate design A-1 specinens with orientation 
angles of 52* and 60** respectively. Design A-4 
specinens were also fabricated in the sane nold 
used to fabricate design A-1 specimens* but 
graphite/epoxy fabric was used as the ^5* 
material. 

Design B-1 is a variation of design A-6 in 
which the 0* plies in the skin are redistributed 
under the hat rather than between stiffeners. The 
Euler bending stiffness of design B-1 is less than 
that of design A-6 since the stiffener depth was 
aaintaiaed* but the 0* plies were moved closer to 
the stiffener neutral axis. Based on BUCLASP-2 
results* the web depths of design B-2 were increased 
over the depth given by the synthesis program to 
take advantage of the additional restraint afforded 
the web by the relatively thick hat cap and skin. 

Fabrication Related Problem Areas 

During this investigation several problem 
areas which can reduce the predicted structural 
efficiency of the composite panels became evident. 

A discussion of these problem areas is presented 
in the following sections. 

Laminate Material Properties . The elastic 
properties of a composite material can exhibit 
relatively large variations. Parametric studies 
showed that the synthesis program can reconfigure 
a hat-stiffened panel cross section to accommodate 
relatively large differences in material properties 
with only minor weight penalties. However* a con- 
figuration constructed of a material with prop- 
erties different from those used in the design may 
be prematurely critical in local buckling. The 
severity of this problem is illustrated using 
results for design C-1. This configuration was 
designed using preliminary properties Initially 
established for Thornel 300/5208 (set 1 listed in 
Table II) . Subsequent to the panel design and 
fabrication* additional material testing Indicated 
the properties listed under set 2 in Table II. 

This difference resulted in the open corrugation 
panel web being theoretically critical In )ocal 
buckling at a strain 26Z lower than that* calculated 
using the initial properties. The sensl* vlty of 
local buckling to variations in the material prop- 
erties makes it necessary to establish accurately 
composite material properties. 

Material Thickness Variations * For design 
purposes* the thickness of a ply of Thornel 
300/5208 material was assumed to be 0.0055 inch. 


The local ply thickness of the initial specimens 
reported in this paper were found to vary from -lOZ 
to -t*35Z from this value. Improved fabrication tech- 
niques have reduced deviations from the design 
thickness of critical elements to Hh5Z. In addition 
to having obvious direct effects on the weight of 
compression panels* ply thickness variations affect 
the load at which panel eluents buckle. If it is 
assumed that the membrane stiffnesses are equal for 
two laminates composed of identical numbers and 
orientations of plies but different thicknesses* 
then the ratio of the buckling loads of the two 
laminates varies as the square of the ratio of 
their thicknesses. A 20% increase in thickness* 
for example* will result in a 44Z increase in the 
local buckling load. 

Closely related to the problem described above 
is the manner in which laaterial property test data 
are reduced and used in structural design. Material 
property data should be established and reported in 
conjunction with a reference thickness. It is 
important that the elastic properties and ply thick- 
nesses assumed in the design be reproduced as 
closely as is practical -"n the fabricated structure. 
This is necessary since deviations in either the 
membrane or bending stiffnesses may make the struc- 
ture fail prematurely. 

Specimen Weight Growth . Many of the specloiens 
described in this report are heavier than the 
design prediction as a result of factors which were 
not considered in the minimum weight design but 
which developed during the design finalization and 
fabrication phases. In addition to the thick lami- 
nate problem described above* detailed design fea- 
tures (illustrated in Fig. 5) contributed to the 
panels being heavier than the weight predicted by 
the design program. For example, cutting and over- 
lapping the +6 material in the hat cap added 2Z 
to the weight of the panel for design A-5* For 
design B-2 interspersing 0* and +45* plies added 
four extra ^5* plies to the skin under the hat and 
to the hat cap. These extra M5* plies added 9Z to 
the weight of these specimens. The extra plies of 
material in design B-2 result in continuous fila- 
ments on the inside of the hat and around the 
interior fillet as shown in Figure 5. The layup 
sequence used In design A-5 required a fiberglass 
insert to reinforce the element intersection. The 
fiberglass insert used on design A-5 resulted in a 
6Z weight penalty. 

Thus* it can be seen that seemingly insignifi- 
cant alterations which are incorporated to Improve 
fabricability or to improve a preliminary design 
can significantly reduce the theoretical structural 
weight efficiency. Closer attention to these weight 
problems has resulted In recently constructed panels 
which have been only 5% iieavler than the idealized 
synthesis model. To ac te« ? this improvement* close 
laminate thickness to^e. ance was maintained, the 
hat cap overlap was reducr to 0.5 inch, and a 
lighter weight fiberglass Insert was used. 

Experimental Instrumentation and Test Procedure 

The 16-inch-long buckling specimens were 
axially compress#^d in a hydraulic test machine with 
a 300,000-pound capability (see Fig. 7). 5traln 
gages were used t * measure ax’al and transverse 
strains in each oi the four hat stiffener elements. 
The crosshead movement and lateral displ arement*? of 



the panel %rere measured using a direct current 
differential transformer (DCDT). Strains* dis- 
placements* and the compressive load were recorded 
on magnetic tape and selected measurements were 
monitored durl^ the test on an oscilloscope. 

The moire method for observing lateral dis- 
placements^^ was used to observe the buckle pat- 
terns as they developed during loading. Moire 
fringe lines are lines of constant lateral dls- 
placemefit and therefore provide a contour map of 
the buckled mode shape. The basic Instrumentation 
for this purpose involves a high-lntensity light 
source* a moire grid of 50 to 100 lines per inch* 
and a camera to record the fringe pattern for 
selected loads. 

Specimen ends «rere potted into a 1-inch-thick 
block of epoxy and the ends were ground flat and 
parallel. To insure that the specimen was loaded 
uniformly* final adjustments were made by preload- 
ing the specimen to a small percentage of the ulti- 
mate load* then adjusting the crosshead platen 
until all axial strain gages on the stiffeners 
displayed approximately the same reading. 

A similar procedure was used to test the 60- 
Inch-lottg Euler buckling specimens. These speci- 
mens were loaded using a 1.2-million-pound capacity 
test machine. 

Experimental Procedure for Defining Local 
Buckling 

The critical load and strain at id)ich panels 
exhibited local buckling was defined using the 
load/strain response and the strain reversal tech- 
nique. Strain gages mounted on each of the four 
hat-stiffener basic cross-sectional elements (skin 
under the hat* web* hat cap* and skin between 
stiffeners) permitted identification of the element 
first exhibiting local buckling. The strain 
reversal technique which uses discrete strain 
measurements was complemented by the moire fringe 
method to provide definition of the buckled mode 
shape. 

Test Configuration Width and Lateral Boundary 
Condition 

The BUCLASP-2 branched plate buckling program 
was used to determine the panel width and unloaded 
edge boundary conditions required to experimentally 
study panel buckling behavior. Analytical results 
shoved that a two-stiffener-vide pareJ. was adequate 
and would give the same results as wider panels. 
Studies also showed that It was necessary to either 
support the panel unloaded edge or to cut back the 
free edge of element 4 to prevent its local buck- 
ling, Since testing with a free edge is less com- 
plicated* hat-stiffened panels were tested in a 
reduced width configuration. BUCLASP-2 results 
showed it was necessary, however . t<^ test open 
corrugation specimens using a lateral support. 

Results and Discussion 
Local Buckling Experiments 

A suninary of the results of experiments on 
23 local buckling specimens presented in Table V. 
Results for two or more speritnens are included for 
each of the designs defined in Table III. Ultimate 


strenr :h as well as local buckling stress resultant 
and strain Information is tabulated. In addition* 
the first element of the panel cross section to 
exhibit local buckling is indicated. The panel 
reduced width is presented for each specimen. All 
but two of the hat-stiffened panels were tested in 
a two-stlffener-wide configuration. Two of the 
specimens of design A-4 were three stiffeners wide. 
Open corrugation specimens (design C-1) were tested 
in a full three-bay width with knife-edge lateral 
supports. 

The skin between stiffeners (elanent 4) was 
experimentally found to buckle first for designs 
A-2 through A-6. The skin under the stiffener and 
the web either buckled simultaneously with element 4 
or at slightly higher loads. The hat cap did not 
exhibit local buckling for any of the hat-stiffened 
compression test panels* which is consistent with 
the design prediction. The open corrugation panel 
(design C-1) exhibited simultaneous local buckling 
of all elements. Specimens of design B-1 failed 
without exhibiting local buckling. Specimen of 
design B-2 buckled locally in the web but did not 
exhibit buckling of other cross-sectional elements. 

A graph of the stress resultant as a function 
of the imposed strain for the axially oriented 
strain gages mounted on one of the design A-2 
specimen (0 ■ 52*) Is presented in Figure 8. Bend- 
ing effects caused by local imperfections or speci- 
men alinement are probably responsible for the 
divergence of back-to-back gages beginning at the 
origin. Local uuckllng of the skin between stiffen- 
ers (element 4) was found to occur at an axial load 
of 3295 Ib/in. as shown in Figure 8. Moire fringe 
patterns for selected loads applied to the same 
specimen are presented In Figure 9. The moire 
fringe shows the develoixnent of local buckling of 
element 4 at loads around 3030 lb/ in. Comparison 
of strain reversal and moire fringe results indi- 
cates the development of local buckling of the skin 
under the hat (element 1) at slightly higher loads 
than for the between stiffeners. Thickness 

variation along t le panel length may account for 
the biased development of buckling fringe patterns 
at one end of the panel. At a load of 4166 Ib/ln., 
the eight buckling half w..ves are clearly developed 
for the 16-inch-long panel. The corresponding num- 
ber of half waves for design A-1 specimens (9 ■45®) 
and design A-3 specimens (0 » 60®) was 6 and 10, 
respectively. 

Comparison of the magnitude of local buckling 
and ultimate loads (Table V and Fig. 8) indicates 
that some test specimens exhibited the capability 
to carry loads beyond the onset of local buckling. 
However, current specimens were not designed to 
utilize post-buckling behavior. Some specimens 
exhibiting post-buckling behavior failed at loads 
less than the design load. All elements are 
depended upon to carry loads in proportion to 
their initial axial stiffness. Theoretically, for 
long specimens, the coincidence of local buckling 
and Etr r buckling initiates failure. While the 
results lerein indicate that buckled skin concepts 
might be possible, the brittle nature of graphite/ 
epoxy composites makes their practicality highly 
speculative at this time. 

Local buckling specimens failed ultimately in 
one of the two manners Illustrated by the photo- 
graphs of Figures 10 and 11. Failures of rtpecimens 
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cf design A-1 through A-6 are characterised by 
Figure 10. The hat cap Is broken and the skin is 
delsttinated and separated iron the veb. Speclnens 
of design B-1 and B*2 ultlaately failed in an 
explosive fashion. The stiffener detached from 
the skin and a large aawunt of aaterial vas sepa* 
rated into saall splinters as seen in the photo* 
graph of Figure 11. 

The ultiaate failure of speclnens of designs 
B*1 and B*2 vere at relatively high strains and 
exceeded the Euler design strain by 47Z and 29Z, 
respectively. Speciaens of designs A*1 through 
A-5» which failed at strains greater than 
0.007 in./in., ^hibited* in a liadted fashion, 
some explosive failure characteristics. It Is not 
known whether the type of failure is related to the 
configuration (A or B) or to the fact that configu- 
ration B specimens were more heavily loaded 
(Hk/L * 300 Ib/ln^) and resulted in thicker concen- 
trations of 0* plies in the hat cap and skin under 
the hat. Specimen, of design A-6 have been dis- 
counted in this observation since these specimens 
failed at relatively low axial strains. 

BUCLASP-2 Analytical Model 

Modeling of a structure composed of thick hat 
cap and skin elements such as designs B-1 and B-2 
was examined to determine the best analytical 
representation. A less accurate representation 
will result if the element Junctures are not care- 
fully specified since local buckling is directly 
related to the element width. For BUCLASP-2 the 
element width is the distance between grid points. 
The two models formulated for designs B-1 and B-2 
presented in Figure 12 illustrate this problem. 

The difference in the two models is the width of 
the web (element 2). For model I the width of 
element 2 is the dimension from the point of con- 
tact with clement 1 to the point of contact with 
element 3* For model II this width is the dimen- 
sion from the center line of the element which 
represents the 0.35- inch tapered skin region (see 
Fig. 1) to the center line of the hat cap. Ele- 
ments are offset for both models to permit correct 
representation of the overall bending stiffness. 
Differences of 24Z and 29Z, respectively, were 
obtained for the local buckling load for designs 
B-1 and B-2 using these t%io models as shown in 
Figure 12. Model I, which yielded the higher solu- 
tion, is considered the better representation. 
Results presented in this paper use model I to 
represent cross sections composed of thick lami- 
nates. The two models converge to approximately 
the same solution for designs composed of thin 
laminate elet.ents. 

Experimental and Analytical Comparison 

Analytical results for the local buckling of 
test panel designs obtained using BUCLASP-2 are 
presented in Table V. Calculations are based on 
nominal design dimensions and thicknesses presented 
in Table IV. 

A comparison of experimental and BUCLASP-2 
results for local buckling is presented in Figure 
13. The agreement is good for some configurations 
and poor for othr'"^. Part of the lack of corre- 
lation la because i>JCLASP-2 does not account for 
anisotropic or residual thermal strain effects and 
all results are based on nominal thicknesses. 
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Critical elements for designs A-1, A-2, A-3, and 
A-5 were thicker than the nominal design thickness 
which increased their test results. Conversely, 
specimens of design A-6 were found to be thinner 
than the nominal which decreased their buckling 
loads. The web depth dimension for design B-2 was 
intentionally increased over the initial design 
value. This increased the Euler buckling capabil- 
ity but also made the four-ply (;K5/^S) %reb lami- 
nate the only element critical in local buckling 
for this design. 

For design purposes, it was assumed that local 
buckling is independent of panel length and modal 
interaction is ignored. The validity of this 
assumption was studied using BUCLASP-2. Analytical 
results from BUCLASP-2 for designs A-1 (6 • 45*), 
A-2 (0 “ 52*), and A*3 (0 • 60*) are presented in 
Figure 14, which shows the panel critical strain as 
a function of panel length. These results show the 
local buckling loads for design A-1 to be constant 
for panel lengths less than 25 Inches, the inter- 
active modes to dominate for lengths from 25 to 
32 inches, and the Euler modes to be critical for 
longer length panels. Similar results were 
obtained for designs A-2 and A-3. The local buck- 
ling critical strain for design A-2 is higher and 
the value for design A-3 is lower than the critical 
strain for design A-1. Modal interaction reduces 
by 12Z the buckling strain capability of a design 
determined by the Intersection of the BUCLASP-2 
local and Euler buckling curves. 

Local buckling experimental results are also 
presented in Figure 14. Local buckling critical 
strains were higher for specimens of designs A-2 
and A-3 than for specimens of design A-1. Thick 
laminates account for part but not all of the dis- 
crepancy between experimental and BUCLASP-2 results. 
The BUCLAP2 anisotropic plate solution for the 
critical strain of the web and skin under the hat 
of design A-1 adjusted for a 20Z thick laminate is 
0.004 in. /in. This analytical result is in good 
agreement with experimentally determined values. 

Residual thermal strains may have an effect on 
local buckling, but the importance has not been 
thoroughly examined. The magnitude of residual 
strains in the web of specimens of designs A-1 and 
A-2 were experimentally measured. Strain gages 
mounted on the web were read before and after the 
web was cut from the stiffener. An axial residual 
tensile strain of 0.0001 and 0.0008 in/ in., 
respectively, existed in the web of specimens of 
designs A-1 and A-2 prior to its removal. This 
residual tensile strain must be relieved before 
compressive strains are imposed on this element. 

This effect may partially account for the high 
experimental results Indicated in Figure 14. 

The design assumption of requiring local and 
Euler buckling to occur slmultaneouly and ignoring 
modal interaction was also evaluated using BUCLASP-2 
for a design which included thick hat cap and skin 
elements (design B-1) . The buckling strain for 
design B-1 plotted as a function of the panel length 
is presented in Figure 15. The buckling strain Is 
observed to be a continuously decreasing function 
of the panel length. Local buckling modes are 
critical for lengths less than 8 inches, modal 
interaction is critical for lengths between 8 and 
25 InchPF, and the Euler mode is critical for 
lengths greater than 25 inches. The local mode Is 
characterized by lateral displacements of the webs. 
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The buckling streln oi the veb vas also cal- 
culated for aiaple support or clamped lateral edge 
boundary conditions and %rith orthotropic and ani- 
sotropic theory using BUCLAP2. It is observed that 
BOCLASP-2 results for the local buckling strain, 
based on orthotropiu theory, agrees with the 
BUCX«AP2 orthotropic solution with clamped lateral 
edges of the web. This result indicates that the 
thick hat cap and skin elements provide clamped 
edge support to the thin four-ply %^b. For this 
type of panel, a design based on sinple support 
anisotropic plate theory for local buckling idiich 
also meets Euler buckling re<|uirement8 is a con- 
servative design « 

The experimental data for local buckling of 
specimens of design B-1 plot higher than the theo- 
retical results. The fact that cross-sectional 
elements were thicker than the nominal design 
thickness by approximately lOX partially explains 
this discrepancy. The specimens failed without 
exhibiting local buckling. 

Compression Panel Structural Efficiency 

A theoretical comparison of the relative 
structural efficiencies of graphite/epoxy and 
aluminum compression panels is presented in the 
logarithmic graph of Figure 16 in which panel 
weight per unit area per unit length (W/AL) is 
plotted as a function of the load index (Nx/t)« 

These curves were generated by the compression 
panel design program used in this study, the con- 
straints defined in Table I, and property sets 2 
and 4 listed in Table XI. Graphite/epoxy re^^lts 
are presented for a hat-stiffened pant.*! (Fig. 1) 
and for an open corrugation panel (configuration C) . 
The ply orientation angle 0 vas taken to be 45^. 
The cusps of the curve correspond to imposing the 
constraint that ^5^ material is used in sets of 
four syimaetric plies. It was found that the design 
program could reconfigure the cross section so that 
very little weight penalty resulted from the 
further requirement that the thicknesses t^, 

and t^ must also be discrete. The discrete thick- 
ness cusps shift relative positions depending on the 
panel design length. For the purposes of this 
study, a panel length of 30 inches vas selected. 

Open corrugation panels vere found to be approxi- 
mately 201 lighter than hat-stiffened panels and 
graphite/epoxy hat-stiffened panels are approxi- 
mately 50% lighter than comparably designed alumi- 
num hat-stiffened panels. 

Test results for 60 inch long buckling speci- 
mens constructed using designs A-1, A-2, A-4, A-3, 
B-2, and C-1 are presented in Table VI and are 
also shovn in Figure 16. A photograph of one of 
these test panels is presented in Figure 17. Hat- 
stiffened panels vere tested vith clamped boundary 
conditions on the loaded ends and vith the lateral 
edges unsupported. The effective simple support 
length of test panels vas defined using strain-gage 
data and the data reduction technique described in 
Reference 15. This length vas found to be approxi- 
mately 31 inches for a 60- inch-long clamped end 
panel. For the hat-stiffened panels, the skin 
element free edge was reduced in width to circum- 
vent its premature buckling. The open corrugation 
panel vas tested with knife-edge lateral supports 
in a full width configuration. The actual test 
panel width was used in calcula cions of the stress 
resultant for all panels except specimen B-2. 


Since only a small percentage of the total stiff- 
ness for specimen B-2 was in the skin between 
stiffeners, the panel width was based on the typi- 
cal stiffener spacing. Critical loads for three of 
the panels (A-1, B-2, and C-1) are ultimate values 
since these panels vere tested to destruction. 
Alternate load conditions are planned for panels 
A-2, A-4, and A-5 and therefore loading on these 
panels vas terminated short of the ultimate, and 
the critical load was extrapolated from test data 
using the force/stiffness method described in 
Reference 16. 

The initial curvature which existed In each of 
the test panels is also presented in Table VI, The 
maximum deviation at the center of the panel from 
a straight line drawn through the ends of the 
60-inch-long specimens varied from 0.005 inch for 
the open corrugation specimen C-1 to 0.100 inch for 
hat-stiffened specimens A-2 and A-4. The open 
corrugation specimen had almost negligible initial 
curvature since specimen C-1 has a symmetric cross 
section. The 0.100- inch initial curvature which 
existed in specimens A-2 and A-4 vas sufficient to 
reduce the load capability of these panels by 
approximately 20%. 

Experimental results are also presented in 
Figure 16 for nearly 2000 aluminum panels of hat, 

J and Y stiffened construction. Aluminum data 
are caken from HACA reports. The minimum weight 
curve generated for aluminum hat-stiffened compres- 
sion panels forms the lower bound for hat-stiffened 
panel experimental data. A few data points for the 
Y confi^ration (which is a more efficient config- 
uration)^ fall below the minimum weight curve for 
aluminum hat-stiffened panels. 

Test results for graphite/epoxy hat-stiffened 
specimens are 32% to 42% lighter in weight than 
results for the best design available for similar 
aluminum panels (see Fig. 16). Although these 
results represent Initial efforts, 64% to 84% of 
the theoretical weight reduction available for hat- 
stiffened composite ompression members has been 
demonstrated. ResuxwS of this investigation indi- 
cate that most of the remaining theoretical weight 
savings are available if attention is given to the 
design and fabrication problem areas Identified 
earlier in this paper. Improved fabrication tech- 
niques have subsequently been developed in which 
specimen weights closely match design weight esti- 
mates. Improved design and fabrication procedures 
which reduce the magnitude of thermally induced 
initial curvatures will permit composite panels to 
meet design load requirements. 

The open corrugation composite panel test 
result is 58% lighter than the theore*-ical result 
for an aluminum hat-stiffened panel. The 812-lb/ln. 
axial load carried by this panel represents 90% of 
the design load. This panel weighed only 0.312 lb/ 
ft^ which makes it an attractive candidate for 
lightly leaded structural applications which do not 
require a smooth surface. 

Axial Stiffness of Minimum Weight Panels 

Minimum weight panels studied in the current 
program are designed to efficiently carry axial 
compressive loads and an Inplane stiffness require- 
ment was not imposed. It is recognized that inplane 
stiffness is important fo* many structural applications. 
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Xt U of interest » therefore^ to exsaine the 
axial atiffnesaaa which resulted for the alnintm 
weight aluatnuB and graphite/epoxy coBpression 
panels presented in Figure 16. A logarithnlc graph 
of the axial stiffness for these panels as a func* 
tion of load index Nx/h ie presented in Figure 18* 
Finite juaps occur in the axial stiffness at magni- 
tudes of Nx/L for which the minimum weight panel 
changes values of ti and t 2 (see Fig. 16). 

The minimu»*welght graphite/epoxy axial stiff- 
ness fluctuates between being less stiff and more 
stiff than the corresponding minlmim-weight aluminum 
panel. It is also seen that the option exists at 
load indices in regions where minimum-weight con- 
figurations changes values of tj^ and t 2 to have 
alternate panels with approximately the same weight 
but different axial stiffnesses. The design with 
the smaller value of ti and t 2 will be approxi- 
mately twice as stiff as the design with the larger 
value of tj^ and t 2 * This reflects a larger per- 
centage of ^5 oriented material for the less stiff 
design. 

Concluding Remarks 

Preliminary findings of an analytical and 
experimental program to establish a weight and 
strength data base for efficient graphite/epoxy com- 
pression panels of stiffened construction have been 
presented. A brief description of the constraints 
and design assumptions used in the panel design 
program is given as well as a discussion of a 
branched plate buckling analysis which was used for 
correlating analytical and experimental results. 

The results presented arc for several hat-stiffened 
panel designs and for one open corrugation compres- 
sion panel. Experiments were conducted on short 
specimens to study local buckling and ultimate 
strength » and on longer wide-column specimens which 
were used to evaluate Euler buckling and modal 
interaction. 

Results from the theoretical design studies 
indicate that C/£ hat-stiffened compression panels 
possess a weight savings on the order of 50% when 
compared with comparably designed aluminum compres- 
sion panels. Weight savings of 32% to 42% were 
experimentally achieved in the current investiga- 
tion. Realization of the full 50% weight savings 
potential will require close attention to design 
and fabrication details. Open corrugation graphite/ 
epoxy designs were shown to be approximately 20% 
lighter than graphite /epoxy hat-stiffened designs. 

A 0.312-lb/ft’ open corrugation specimen with a 
31- Inch simple support length experimentally carried 
an axial load of 812 lb/ in. %^ich is 90% of the 
theoretical potential. 

A hat-stiffened panel having stiffener verti- 
cal webs composed entirely of ^5® material with 
the 0® plies located in the hat cap and skin was 
shown to have high structural efficiency. Locating 
0® plies In the skin directly under the hat cap and 
not In the skin between stiffeners was found to 
provide further structural efficiency gains for 
moderately loaded designs (Nx/L > 200 Ib/ln^) . This 
Improved structural efficiency Is a result of a 
boundary stiffening effect on the hat vertical ♦’#»hs 
from the thicker connecting hat cap and skin 
elements. 


Differences in the coefficient of thermal 
expansion of web» hat cap* and skin elements of 
hat-stiffened composite structures can result in 
relatively large residual thermal stresses from the 
curing process. These thermal stresses can cause 
panel thermal warping and may affect the local 
buckling behavior. Correlation between analytical 
and experimental results in this investigation is 
marginal as a consequence of variations in laminate 
thicknesses, anisotropic effects, and the above- 
mentioned residual thermal stresses which were 
accounted for in the analysis. 

The preliminary results presented herein for 
controlled tests have identified Important areas in 
which further research must be conducted if rational 
design methods are to be developed for efficient 
composite compression panels. Among these are 
(1) the development of a design capability which 
properly accounts for the different thermal strains 
which occur as a consequence of elevated tempera- 
ture curing, (2) the development of a special- 
purpose anisotropic branched plate buckling analysis 
tdiich can account for coupled modes, and (3) the 
establishment of a rationale for determining elastic 
properties and material allowables which will enable 
their consistent use throughout the design, experi- 
mental and analytical phases of a composite struc- 
tures development program. 

The design studies conducted during the course 
of this program indicated that smaller weight penal- 
ties will result if performance degrading effects 
such as transverse shearing deformations, aniso- 
tropic effects, and thermal warping are taken into 
account early In the design cycle ^ rather than con- 
sidering them later* It was also observed that the 
panel extensional stiffness could vary by as much 
as a factor of 2 for two different panels which 
have weights approximately the same. This result 
indicates that structural stiffness should also be 
considered early in the design cycle. 
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TABLE I. UPPER AND LOWER BOUNDS ON G£(XiETRIC CONSTRAINTS AMD STRAIN 



* 

Constraint 

Graphite/ epoxy 
(Thornel 300/5208) 

Aluminum 

tj, tj 

Integer sets of four 
symmetric plies 

>0.005 in. 

tj. t^. tj 

<0.25 in. 

None 

bj, bj 

>0.8 in. 

>0.8 in. 

b^, b^ 

>0.8 in. 

>0.1 in. 

c 

X 

£0.009 In. /in. 

<0.0068 in. /in. 


*See Figure 1 for geometry definitions. 
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TABLE II. MATERIAL ELASTIC PROPERTIES 












Sec 

number 


Material 


®2* ^12* V 

Ub/in2 Mlb/ln2 

p. 

Ib/in3 



X 

Thornel 300/5208 
unidirectional tape 

21.0 

2.39 

0.65 0.314 

0.055 



2 

Thornel 300/5208 
unidirectional tape 

19.6 

2.1 

0.76 0.314 

0.055 



3 

Thornel 300/5208 
balanced fabric 

9.0 

9.0 

0.65 0.010 

0.055 



4 

Aluminum 

10.5 

10.5 

3.95 0.330 

0.100 





TABLE III. TEST PANEL DESIGN CHii. / JTERISTICS 







* 

Design features 





Design § 

N » 

X* 

L 

W . 

AL 

Ib/in^ 

Anisotropic (A) 
or 

orthotropic (0) 
laminate 
theory 

Transverse 

shear 

effects 

included 

Material 
properties 
used in 
design** 

p, Number of 

. 16-inch 

orientation . 

, specimens 

angle 

deg 

Number of 
60-inch 
sr?. cimens 

A-1 

100 

0.000153 

0 

No 

1 

45 

3 

1 

A-2'*' 

100 

0.000153 

0 

No 

1 

52 

3 

1 

A-3^ 

100 

0.000153 

0 

No 

1 

60 

2 

0 

A-4^ 

100 

0.000192 

0 

No 

1. 3 

45 (fabric) 

4 

1 

A-5 

100 

0.000157 

A 

Yes 

1 

45 

2 

1 

A-6 

300 

0.00C257 

0 

No 

1 

45 

3 

0 


B-1 

300 

0.000254 

0 

lo 

1 

45 

2 

0 

B-2 

300 

0.000260 

A* 

/es 

2 

45 

2 

1 


C-1 

30 

0.0000719 

A 

No 

1 

45 

2 

1 


Designs based on L ^ 30 Inches. 

** 

See Table II for property set definitions. 

^Configuration dimensions are the same as deflgn A-l thus the design is not necessarily of minimum 
weight. 

^Web depth increased based on BUCLASP-2 studies. 

§ 

See Sketch a. 
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TABU IV. ramiAL COmUESSIOH PAMEL DIMEIISIOIIS AKD T 


Design 

in. 

•*2» 

ia. 

la. 

•*4* 

la. 

*1* 

in. 

‘2* 

ia. 

in. 

'4* 

in. 

"5* 

la. 

A-I 

1.320 

1.348 

0.800 

1.016 

0.022 

0.022 

0.066 

0.0165 

0 






(4)** 

(4) 

02) 

(3) 


A-2 

1.320 

^ 1.349 

0.800 

1.016 

0.022 

0.022 

0.066 

0.0165 

0 






(4) 

(4) 

(12) 

(3) 


A-3 

1.320 

1.349 


1.016 

msM 

BHWHi 

0.066 

0.0165 

0 




■■I 


mSm 


(12) 

(3) 


A-4 

1.320 

1.349 

warm 

1.016 

rnimm 

0.030 

0.066 

0.0165 

0 




mm 


m 

(2) 

(12) ' 

(3) 


A-S 

1.242 

1.218 

0.800 

1.101 

0.022 

0.022 

0.066 

0.022 

0 






(4) 

(4) 

(12) 

(4) 


A-^ 

1.178 

1.391 

0.800 

1.175 

0.022 

Bsa 


0.055 

0 






(4) 

mm 

msm 

(10) 


B-1 

1.178 

1.391 


1.175 


Km 

0.2035 

0 

0.0825 






in 

Bal 

(37) 


(15) 

B-2 

1.477 


G.803 

1.490 


Em 

0.253 

0 

0.099 



lii 



mm 

mm 

(46) 


(18) 

C-1 

2.713 


0.895 

0.895 

0 

0.022 


0.022 




■m 




(4) 

(4) 

(4) 



S«e Figure 1 for di&^fiisioii and thickneas definitions. 

** 

Buid>er of plies. 
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TABLE V. LOCAL KKXIXHG RESULTS FOR 16-IHCH-LONG PANELS 





Experimental results 



BUCLASP solution 
for local 
buckling** 

Design 

Panel 

width,* 

Ultimate 

Local Buckling 

Element 

first 

exhibiting 

local 

buckling 


in. 

N^,^ Ib/in. 

c^, in. /in* 

Ib/ln. 

in. /in. 

lb/ In. 

in. /in. 

A-1 

5.32 

3813 

0.0050 

2763 

0.0036 

2 

3230 

0.00443 

A-X 

5.32 

38i5 

0.0048 

3102 

0.0040 

1. 2. 4 

3230 

0.00443 

A-1 

5.21 

3992 

0.0056 

2917 

0.0041 

4 

3230 

0.00443 

A-2 

5.28 

4743 

0.0063 

3295 

0.0048 

4 

3172 

0.00461 

A-2 

5.26 

5115 

0.0077 

4413 

0.0065 

4 

3172 

0.00461 

A-2 

5.28 

4934 

0.0073 

4015 

0.0057 

4 

3172 

0.00461 

A-3 

5.31 

5021 

0.0074 

4072 

0.0060 

1. 2. 4 

2831 

0.00419 

A-3 

5.31 

5309 

0.0074 

3691 

0.0054 

4 

2831 

0.00419 

A-4 

5.24 

5703 

0.0076 

4890 

0.0063 

4 

5284 

0.00700 

A-4 

5.26 

5036 

0.0063 

4639 

0.0057 

2. 4 

5284 

0.00700 

A-4 

8.60 

4826 

0.0064 

4535 

0.0060 

2 

5087 

0.00696 

A-4 

8.60 

4535 

0.0060 

P*'ne 

None 

None 

5087 

0.00696 

A«5 

5.32 

5103 

0.0072 

4X92 

0.0056 

4 

3120 

0.00394 

A-5 

5.30 

4283 

0.0060 

4019 

0.0056 

4 

3120 

0.00394 

A-6 

5.35 

8402 

0.0045 

6168 

0.0030 

4 

9724 

0.00489 

A-6 

5.28 

8352 

0.0040 

7008 

0.0033 

4 

9724 

0.00489 

A-6 

5.28 

8236 

0.0038 

6440 

0-0030 

2 

9724 

0.00489 

B^l 

5.32 

16900 

0.0077 

None 

None 

None 

17556 

0.00785 

B-1 

5.32 

17430 

0.0076 

None 

None 

None 

17556 

0.00785 

B-2 

6.72 

14590 

0,0063 

8209 

0.0036 

2* 

11752 

0.00474 

B-2 

6.72 

14440 

0.0065 

10896 

0.0049 

2^ 

11752 

0.00474 

C-1 

10.90 

960» 

0-0034 

651 

0.0023 

2, 3 

1173 

0.00387 

C-1 

10.90 

1008 § 

C.0034 

688 

0.0023 

2. 3 

1173 

0.00387 



Specimen lateral edges reduced for free edge test condition. 

r* 

Calculations based on design dimensions and thicknesses listed in Table IV and material property Set 2 
in Table II, 

calculations based on test panel width, 

^Elements 1, 3, and 4 did not buckle during the test, 

§ 

Specimen lateral edges supported by knife edge. 
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TABLE \n. TEST RESULTS FOR 60-UK3&-L0IIG EUL.^ miOCLING SPECIMENS 


DeftlRn EEperisental results 


Specimen 

N , 
x’ 

Ib/ln* 

Panel 

width,* 

In. 

** 

“*• 

Ib/in. 

H + 

X 

Ib/in* 

W 

A* 

Ib/ft^ 

w ^ 

Ib/ln^ 

Initial 

curvature,* 

in. 

A-1 

3000 

18*75 

1929 

66.8 

0.786 

0.000176 

0.060 

A-2 

3000 

22.06 

2130^ 

73.1 

0*786 

0.000176 

0*100 

A*4 

3000 

22.25 

2214* 

71*0 

0*924 

0.000207 

0*100 

A-5 

3000 

22.75 

2447* 

83*7 

0.844 

0.000189 

0.040 

B-2 

9000 

15.63 

7630 

246*2 

1*295 

0.000290 

0.020 

C-1 

900 

25.3811 

812 

25.9 

0.312 

0.000070 

0.005 


^SpeclBen lateral edges reduced for free edge test conditioa. 

tit 

Test panel width used to calculate 1^^ except for specieen B-2 where width 
Including removed edges was used (17*8 In*)* 

^Effective slnple support length L^ experimentally found to be approxinately 31 Inches. 

^Maximum deviation at center of panel from straight line drawn through ends of 6(Klnch- 
long specimen* 

§ 

Critical load extrapolated from test data using force/stiffness technlque*^^ 

^Ispeclmen lateral edge^ supported by knife edge. 
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n 



malyth 


f SUI»l»ORT - 

\mmmmt 


7 / smmi ^ 

// mmxm?tc 


.gure 2* Effect on fencklitig load and strain of 
anisotropic versos orthotropic theory for four^ 
ply (i45/HH45) laminate* Haterial properties 
tised are set 2 listed in Table 11* 


Figure 4. Fabricat 


Figure 3* Weight efficiency penalty for imposing 
anisotropic constraints to hat-*stlf fened panel 
elements I and 2. 














» 

X 

Ib/ln. 

^ , i 11 * / 1 n » 

X 


Urfilgn 

Df^??ign 

ll€».<5lgn 



B-2 

B-l H-2 

Hod-l 1 

17556 

11752 

0.00785 0.00479 


Model II 12508 900? 0.00557 0.001^,2 



Figure 12. BtJCLASP-2 vfeb modeling approaches. 


?.grWO0'TCCPt HIT 6f ifW 








Figure 13. Comparison between analytical and 
experimental t uckling results for local 
buckling specimens. 



Figure 14. Buckling strain as a function of panel 
length for designs A-1, A-2, and A-3. 



Figure 15- Buckling strain as a function of the 
panel length for design B-1. 
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— - riESENT THEORY ONCONSTRAINEB 

PRESENT THEORY CONSTRAINTS; 1=30 

EXPERIMENTAL GRAPNITE/EPOXY NAT STIFFENER RESIGN 
O A • 1 (145° NE0| 

A A ■ 2 |l5r lEI) 

A 4 (FAORIG «ER| 
a A S (SEE TAOIE III) 

o 0 2 (SEE TAOIE III) 

o C t (OPEN CORRUGATION) 


3 4 S S 7 


3 4 5 6 7 


3 4 5 6 7 


Figure 16. Comparison of structural efficiencies of graphite/epoxy and aluminum compression panels. 


RITROBUCBILm OP raE 

PAGB is poor 




fi%me IB. mmpBtiBim of axial atiffaesaes of 
ulniiaum wi^ight graph l.te/opoxy and altiininuii^ hat 
stlffan^jd eatupraaaion pane in of Figyre 16 . 



